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1.  Introduction 


Chemical/biological  protective  clothing  technology  remains  a  high  priority  among  people 
responsible  for  the  safety  of  U.S.  military  personnel.  Not  just  from  the  obvious  point  of 
exposure  to  chemical  or  biological  agents  abroad  and  at  home,  but  also  from  another,  less  often 
considered,  but  still  important  safety  factor:  breathability.  Until  recently,  the  main  goal  in  the 
development  of  chemical/biological  protective  clothing  was  to  maximize  protection.  In  the  past, 
one  of  the  more  commonly  used  materials  for  this  application  was  butyl  rubber  working  on 
principle  of  total  blockage.  Butyl  rubber  is  an  effective  barrier  to  most  harmful  agents  at  certain 
thicknesses,  but  it  has  certain  disadvantages.  Wearing  gannents  manufactured  from  this  material 
in  combat  or  in  other  situations  which  involves  physical  activity  is  not  practical,  since  the  lack  of 
breathability  of  this  material  causes  heat  fatigue  and  exhaustion  (7).  Another  approach  for 
protection  against  chemical/biological  threats  is  sorptive  materials.  Protective  suits  such  as 
Military  Oriented  Protective  Posture  (MOPP)  suit  and  Joint  Service  Lightweight  Integrated  Suit 
Technology  (JSLIST)  work  on  principle  of  capturing  toxic  materials  with  fillers  like  activated 
carbon.  The  JSLIST  suit  is  more  breathable,  however  it  does  not  provide  as  much  protection  as 
butyl  rubber,  while  still  remaining  heavy  and  bulky.  Working  in  the  suit  is  limited  to  about 
45  min  of  each  hour  (2). 

A  completely  different  approach  to  the  problem  of  chemical/biological  protection  is  the  concept 
of  semi-permeable  membranes.  These  materials  would  allow  passage  of  moisture  (perspiration), 
but  block  harmful  molecules  and  organisms.  Gannents  utilizing  this  technology  will  offer 
protection  in  the  hostile  environment  without  causing  significant  heat  fatigue  and  exhaustion.  A 
number  of  such  semi-penneable  membranes  are  being  developed  in  industry  and  at  the  U.S. 
Army  Research  Laboratory  (ARL)  (3). 

Investigators  at  ARL  have  developed  a  new  material,  an  ionic  block  copolymer,  highly 
sulfonated  poly(styrene-b-isobutylene-b-styrene)  (S-SIBS)  (4),  which  possess  many  of  the 
desired  properties  for  chem-bio  protective  clothing.  The  major  component  of  the  triblock 
copolymer  is  polyisobutylene  (PIB),  which  comprises  70%  by  weight  of  the  base  polymer.  The 
PIB  gives  the  material  low-temperature  flexibility  as  well  as  excellent  barrier  properties.  The 
polystyrene  (PS)  makes  up  30%  by  weight  of  the  material  and  forms  a  glassy  region  which 
imparts  mechanical  strength  to  the  polymer  film.  In  the  solid  state,  the  thermodynamic 
immiscibility  of  the  two  components  results  in  a  microphase  separation  where  domains  of  PS  are 
formed  in  the  rubbery  PIB  matrix  (5,  6).  The  fraction  of  PS  controls  the  resultant  morphology, 
which  can  be,  for  example,  cylinders,  lamellae,  spheres,  or  a  complex  mixture.  Polystyrene 
blocks  of  the  polymer  can  be  sulfonated  to  various  degrees,  creating  interconnected  hydrophilic 
pathways  within  polystyrene  regions  (7).  These  pathways  allow  diffusion  of  water  and  other 
polar  molecules  through  the  material.  Subsequent  modification  of  the  sulfonated  domains  with 
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alkaline  earth  metal  ions  improves  barrier  properties  required  for  U.S.  Army  application  (8-10); 
however,  to  date,  little  research  has  been  preformed  to  evaluate  effect  of  partial  ion  exchange  on 
penneation  properties. 


2.  Experimental 


2.1  Materials 

Poly(styrene-b-isobutylene-b-styrene)  block  copolymer  was  provided  by  Kuraray  Co.,  Ltd., 
Tsukuba  research  laboratories,  with  the  reported  properties:  30.84  weight-percent  styrene, 

0.95  specific  gravity,  Mw  =  71,920  g/mol,  Mn  =  48,850  g/mol,  and  polydespersity  index 
(PDI)  =1.47.  The  base  material  was  sulfonated  (figure  1)  at  ARL  with  acetyl  sulfate  to  97%. 
That  is  97%  of  all  styrene  groups  in  the  polymer  were  modified  with  sulfonic  acid  group  as  was 
verified  by  titration  and  elemental  analysis.  The  sulfonation  procedure  is  described  in  detail 
elsewhere  (4).  Other  materials  in  this  study  included:  magnesium  perchlorate  (Acros  Organics), 
water  (J.T.  Baker,  HPLC  grade),  dimethylmethylphosphonate  (Lancaster  Synthesis,  97%), 
Drierite*  (Anhydrous  Calcium  Sulfate,  97%,  W.A.  Hammond  Drierite  Co.),  acetone 
(Warner-Graham  Co.,  reagent  grade),  toluene  (EM  Science,  99.5%),  and  hexanol  (J.T.  Baker). 


2.2  Membrane  Preparation 

Solution  cast  membranes  were  prepared  by  dissolving  97%  sulfonated  poly(styrene-b-isobutylene- 
b-styrene)  (S-97-SIBS)  in  a  mixed  solvent  of  toluene/hexanol  (85/15,  w/w)  at  concentration  of 
2.5%  (w/v)  and  solution  casting  in  open  Teflon'1'  petri  dishes  for  -1  week  at  ambient  conditions. 
The  resultant  membranes  were  then  further  dried/annealed  in  a  vacuum  oven  at  50  °C  for  an 
additional  2  weeks  to  remove  any  residual  hexanol.  This  resulted  in  flexible,  100-pm  membrane. 


*  .  .  .  . 

Drierite  is  a  registered  trademark  of  W.A.  Hammond  Drierite  Co.,  Xenia,  OH. 

^Teflon  is  a  registered  trademark  of  E.I.  Dupont  de  Nemours  and  Company,  Newark,  DE. 
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Exchange  of  the  acidic  hydrogen  with  Mg  "  ions  was  accomplished  by  immersing  membranes 
into  an  aqueous  solution  of  magnesium  perchlorate.  Under  these  conditions,  the  acidic  hydrogens 

_t_2 

are  exchanged  out  with  Mg  ions  creating  an  ionic  crosslink  between  the  neighboring  sulfonic 
groups.  Initially,  attempts  were  made  to  control  amount  of  substitution  by  the  varying  exposure 
time  that  the  membranes  were  in  contact  with  the  solution.  Due  to  the  speed  of  the  exchange 
reaction,  this  method  did  not  result  in  desired  level  of  control,  and  an  alternative  method  has  to 
be  selected.  It  was  decided  that  the  membranes  will  be  exchanged  by  immersing  them  into  a 
magnesium  perchlorate  solution  containing  various  stoichiometricic  amounts  of  magnesium  ions. 
Solution  concentrations  were  varied  from  0.004  to  1  equivalent  of  magnesium  salt,  taking  1 
equivalent  as  1 :2  molar  ratio  of  Mg  to  SO3H  group.  It  is  assumed  that  each  magnesium  ion 
will  be  ionically  attracted  to  two  sulfuric  acid  groups,  as  shown  in  the  figure  2,  in  order  to  satisfy 
the  requirements  for  complete  the  electron  shell  of  the  cation.  Subsequently,  the  samples  were 
numbered  reflecting  maximum  theoretical  level  of  ion  exchange  In  addition,  one  membrane  was 
exchanged  in  solution  containing  50  equivalents  (5000%)  of  Mg(ClC>4)2,  creating  membrane  with 
maximum  magnesium  ions  exchange  level  possible  under  this  experimental  conditions. 


3.  Characterization 


3.1  Fourier-Transform  Infrared  Spectroscopy  (FTIR) 

Infrared  spectra  of  all  polymer  samples  were  collected  using  a  FTIR  spectrometer  (Nicolet 
Magna  560  Series)  equipped  with  a  Thunderdome  (Spectra-Tech)  accessory  with  a  multiple- 
reflection  ATR  crystal  (ZnSe,  refractive  index  =  2.4).  This  accessory  contains  a  pressure 
mechanism  for  good  sample -to-crystal  contact.  All  infrared  spectra  were  collected  using 
128  scans  and  4  cm  1  resolution. 

3.2  Elemental  Analysis 

Elemental  analysis  was  preformed  by  Atlantic  Microlab,  Inc.  and  Galbraith  Laboratories,  Inc. 
This  was  done  to  obtain  accurate  sulfonation  levels  of  the  functionalized  S-SIBS  as  well  as  to 
determine  amount  of  magnesium  present  in  the  membranes.  Samples  were  analyzed  for  weight 
percent  of  carbon,  hydrogen,  oxygen,  sulfur,  and  magnesium. 
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3.3  Solubility 


Samples  were  dried  in  a  vacuum  oven  at  45  °C  for  1.5  hr,  weighed,  and  placed  into  a  vial  with 
deionized  water  for  period  of  48  hr.  At  the  end  of  that  time  samples  were  removed,  excess  water 
was  dabbed  from  the  surface  and  swollen  weight  was  recorded. 

3.4  Vapor  Transport  Measurements 

Vapor  permeation  experiments  were  conducted  based  on  the  modified  ASTM  E  96-95  (11) 
procedure.  Water  vapor  permeation  was  evaluated  to  detennine  levels  of  moisture  (sweat)  that  the 
membranes  can  transport  providing  cooling  effect  to  the  wearer.  And  dimethylmethylphosphonate 
(DMMP)  transport  was  evaluated  in  order  to  detennine  the  level  of  protection  from  chemical 
agents  the  membrane  will  provide.  DMMP  is  a  relatively  hannless  molecule  that  is  often  used  as 
a  simulant  for  Sarin  agent  due  to  similarities  in  their  structures  and  physical  properties.  In  our 
experiments  (12),  an  oven,  with  nitrogen  gas  purge  passed  through  a  desiccant  trap,  was 
stabilized  at  35  °C  and  10%  relative  humidity  (RH).  Vials  (20  mL)  were  filled  with  10-15  mL 
of  liquid  permeant  (water  or  DMMP)  and  placed  in  oven  to  equilibrate  for  about  24  hr.  At  this 
time,  the  vials  were  removed  and  regular  caps  were  replaced  with  membrane-lined  caps  shown  in 
figure  3.  These  caps  with  open- top  caps  and  Teflon-lined  septa  have  a  14-mm  hole  cut  in  the 
center  of  the  septa  to  match  the  hole  in  the  cap.  The  membranes  were  cut  into  circles  with  a 
22-mm  diameter  (their  thickness  measured  and  recorded  with  a  digital  micrometer)  and  placed 
inside  the  cap  with  the  cored  septa  placed  behind  to  provide  air-tight  seal.  The  complete  total 
assembly  was  weighed  and  placed  back  into  the  oven  to  initiate  the  experiments.  Changes  in 
vials  weights  were  recorded  approximately  every  24  hr  until  sufficient  number  of  data  points 
were  collected  to  make  an  accurate  determination  of  permeation  rates. 


Figure  3.  Schematic  showing  cutaways  of  the  vial-cap  and  the  cap-membrane 
assemblies  used  for  VTR  data  collection. 
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3.5  Thermogravametric  Analysis 

Thermogravimetric  analysis  was  preformed  on  a  Hi  Res  TGA  2950  Thennogravimetric 
Analyzer.  Analyses  were  performed  under  nitrogen  gas  purge  with  temperature  ramp  from  35  to 
700  °C  at  rate  of  10  °C/min  using  ceramic  baskets.  Materials  specimens  weighed  between  5  and 
1 5  mg,  as  recommended  by  the  instrument  manufacturer. 


4.  Results  and  Discussion 


4.1  Levels  of  Mg  Exchange 

Levels  of  magnesium  in  the  exchanged  membranes  were  determined  by  elemental  analysis  (EA). 
This  was  accomplished  by  using  the  relative  measured  amounts  of  sulfur  and  magnesium  in  the 
polymer,  and  calculating  percent  of  sulfur  atoms  complexed  with  cation  using  assumption  that 
each  magnesium  ion  will  be  ionically  attracted  to  two  adjacent  sulfuric  acid  groups.  Thus, 
maximum  loading  is  one  magnesium  ion  per  two  sulfuric  groups.  The  Mg  exchange  level, 
shown  in  table  1,  is  defined  here  as  percent  of  complete  substitution  of  acidic  hydrogens  on  the 
sulfonate  ligands  with  magnesium  ions.  So,  100%  exchange  level  would  signify  that  all  SO3 
groups  are  ionically  bonded  to  magnesium,  50%  exchange  level  would  signify  that  50%  of  all 
sulfuric  groups  are  bonded  to  magnesium,  etc. 


Table  1 .  Ion  exchange  levels  and  elemental  analysis  results. 


Sample 

Equivalents  Mg 

Ions  in  Solution 

Mg  to  S  Ratio 

Based  on  EA 

Exchange  Level 

Based  on  EA 

Mg-SIBS-Max 

50 

0.510 

100 

Mg-SIBS-100 

1 

0.310 

62 

Mg-SIBS-75 

0.75 

0.250 

50 

Mg-SIBS-50 

0.5 

0.160 

32 

Mg-SIBS-25 

0.25 

0.090 

18 

Mg-SIBS-7 

0.076 

0.040 

8 

Mg-SIBS-4 

0.038 

— 

— 

Mg-SIBS-2 

0.019 

— 

— 

Mg-SIBS-1 

0.0076 

— 

— 

Mg-SIBS-0.4 

0.004 

— 

— 

Mg-SIBS-0 

0 

— 

— 

•  •  •  •  _|_A  •  • 

Examining  the  relationship  between  amount  of  Mg  “  ions  available  for  exchange  and  amount 
successfully  complexed  with  sulfonate  groups  (figure  4),  we  find  exchange  efficiency  factor  of 

0.641  (obtained  from  slope  of  linear  regression  of  the  data).  Since  it  remains  constant  over  a  long 

+2 

range,  we  can  use  this  efficiency  factor  to  estimate  Mg  "  levels  in  samples  that  were  not  evaluated 
by  EA  (shown  in  table  2).  Those  values  are  probably  not  very  exact,  but  they  still  will  be  able  to 
provide  us  with  a  general  idea  of  what  trends  occur  at  very  low  levels  of  ion  exchange  levels. 
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Figure  4.  Efficiency  of  Mg'  -SO3  complexation  reaction. 


Table  2.  Estimated  magnesium  levels  for  low  exchange  level  samples. 


Sample 

Equivalents  Mg 

Ions  in  Solution 

Possible 

Exchange  Level 

Estimated 
Exchange  Level 

Mg-SIBS-4 

0.038 

3.8 

2.4 

Mg-SIBS-2 

0.019 

1.9 

1.2 

Mg-SIBS-1 

0.0076 

0.76 

0.5 

Mg-SIBS-0.4 

0.004 

0.4 

0.3 

Mg-SIBS-0 

0 

0 

0 

4.2  FTIR 

Figure  5  shows  the  infrared  spectra  of  sulfonated  and  unsulfonated  SIBS.  There  are  a  number  of 
vibrational  stretching  bands  that  appear  between  1000  and  1200  cnT1  in  the  sulfonated  polymers 
that  do  not  appear  in  the  unsulfonated  polymer.  In  particular,  three  distinct  bands  associated 
with  sulfonic  acid  were  identified  in  the  sulfonated  polymers  at  1125,  1034,  and  1007  cm  '.  The 
1007  and  1 125  cm  1  vibrational  stretching  bands  represent  the  in-plane  bending  vibration  of  the 
aromatic  ring  substituted  with  the  sulfonate  group  in  the  para-position  and  the  sulfonated  anion 
attached  to  the  aromatic  ring,  respectively.  The  band  at  1034  cm  1  represents  the  symmetric  and 
asymmetric  stretching  vibration  of  the  sulfonate  group,  respectively.  The  intensity  of  this  band 
can  be  an  accurate  measure  of  the  amount  of  sulfonation  (4). 
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Figure  5.  FTIR  comparison  of  sulfonated  (S-97-SIBS)  and  unsulfonated  SIBS  membranes.  Asterisks  mark 
the  IR  bands  associated  with  sulfonate  groups. 


It  is  of  interest  to  compare  the  IR  spectra  of  the  unneutralized  and  partially  neutralized  SIBS 
ionomers.  Figure  6  shows  the  comparison  of  the  acid  form  SIBS  and  five  Mg  neutralized  SIBS 
membranes.  Generally,  little  spectral  differences  are  observed  for  the  unneutralized  membrane 
when  compared  to  the  18  %  and  32%  neutralized  membranes.  However,  above  32% 
neutralization  a  new  spectral  feature  appears.  An  increase  in  the  1168  cm  1  band  is  observed. 

This  band  increases  with  increasing  Mg  “  levels.  Figure  7  presents  the  intensity  of  the  1168  cm 

band  as  a  function  of  mole  %  Mg  exchanged.  This  suggests  the  formation  of  an  Mg-sulfonate 

+2 

complex.  The  fact  that  this  not  seen  in  the  IR  spectra  at  lower  Mg  levels  suggests  that  a 

concentration  percolation  threshold  occurs  with  respect  to  the  concentration  of  the  complex. 

+2 

Essentially,  if  there  a  1 : 1  ratio  exists  between  Mg  and  sulfonate,  then  no  complex  is  formed. 
However,  as  the  concentration  of  Mg  is  increased  and  incorporated  into  the  ionic  domains,  the 
Mg  has  the  capability  to  complex  to  two  sulfonate  groups,  thus  creating  a  1:2  (Mg:S)  ratio, 
which  gives  rise  to  the  1168  cm  1  band.  Previous  research  by  Belfiore  et  al.  (13)  and  more 
recently  by  Zhu  et  al.  (14)  have  pointed  out  that  a  shift  to  higher  frequency  occur  in  the  IR 
spectra  when  Co  is  complexed  with  SO3  groups.  Figure  7  presents  the  intensity  of  the  1 168  cm  1 
band  as  a  function  of  mole  %  Mg  “  exchanged,  which  shows  this  effect  more  clearly. 

Another  interesting  observation  in  the  FTIR  spectra  is  how  the  IR  bands  at  1125,  1034,  and 
1007  cm  sharpen  upon  incorporation  of  Mg  .  As  previously  discussed,  each  of  these  bands 
are  directly  related  to  various  stretching  modes  of  the  sulfonate  groups.  This  trend  is  usually 

observed  when  an  increase  in  structural  ordering  is  occurring  within  the  polymer  matrix.  It  is 

+2 

plausible  to  conclude  that  the  incorporation  of  the  Mg  ions  fonn  a  highly  ordered  ionic 
domains. 
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Figure  6.  FTIR  spectra  for  neutralized  and  partially  neutralized  and  non-neutralized  SIBS-Mg  ionomer, 
(a)  Mg-SIBS-0,  (b)  Mg-SIBS-25,  (c)  Mg-SIBS-50,  (d)  Mg-SIBS-75,  (e)  Mg-SIBS-100,  and 
(f)  Mg-SIBS-Max. 
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Figure  7.  Normalized  IR  intensity  of  the  1168  cm  1  absorption 
band  with  increasing  Mg  content.  This  band  indicates 
Mg  complexation  formed  when  two  or  more  sulfonate 
groups  ionically  bonded  to  the  Mg+2  cation. 
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4.3  Solubility 


Water  absorption  capacity  was  obtained  by  swelling  polymers  in  deionized  water  for  48  hr  at 
room  temperature  and  examining  change  in  sample  weights,  it  is  defined  here  as: 


wt%  = 


(wet  polymer  wt  -  dry  polymer  wt) 
dry  polymer  wt 


x  100  . 


(1) 


The  complete  data  set  collected  for  the  all  samples  can  be  found  in  appendix  A. 

Water  absorption  capacity  of  magnesium  exchanged  S-97-SIBS  membranes  shows  a  linear 
correlation  to  levels  of  exchange  (figure  8).  It  varies  from  410  weight-percent  increase  for  the 
non-ion-modified  (Mg-SIBS-0)  membrane  to  a  118  weight-percent  for  the  fully  exchanged 
membrane  Mg-SIBS-Max.  Overall,  there  is  a  good  correlation  between  the  level  of  magnesium 
cations  in  the  membrane  and  the  water  mass  uptake  with  very  low  scatter. 


%  of  Mg  exchange  level 


Figure  8.  Correlation  between  water  sorption  and  Mg  exchange  level. 

The  only  significant  deviation  to  this  pattern  is  Mg-SIBS-100  membrane.  The  water  sorption 
value  for  that  sample  is  significantly  lower  than  one  would  expect.  The  reason  for  this  is 
unknown. 

4.4  Vapor  Transport  Rate 

Individual  vials  containing  penneant  were  covered  with  the  experimental  membranes  and  places 
in  to  the  oven  with  nitrogen  purge.  As  the  weight  decreased,  it  was  plotted  against  time  and  the 
slopes  of  individual  curves  were  detennined.  The  vapor  transport  rate  (VTR)  was  calculated  as: 
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VTR  =  slope  /  A  , 


(2) 


where  slope  is  the  slope  of  the  resultant  straight  line  (expressed  in  g/day)  and  A  is  the  area  of  the 
polymer  film  exposed  to  penneant  vapor  and  is  equal  to  1.539  x  10  4  m2  which  corresponds  to 
the  area  of  the  14-mm-diameter  circle. 

Figure  9  shows  the  water  and  DMMP  vapor  transport  rates  plotted  against  Mg+2  levels.  As  one 
would  expect,  both  permeants  show  a  similar  trend;  a  significant  decrease  in  VTR  when  the 

Mg  concentration  is  elevated.  The  membrane  with  the  highest  levels  of  the  ions,  Mg-SIBS- 

+2 

Max  (Mg  "  exchange  level  of  100%)  provides  highest  resistance  to  DMMP  vapor.  The 
membranes  with  the  lowest  Mg  loading  produce  highest  water  vapor  transport,  but  also  have  the 

lowest  resistance  to  the  DMMP  vapor.  Significant  variations  in  VTR  values  are  observed  at  low 

+2 

Mg  concentrations,  this  is  likely  due  non-homo genous  complexation  of  cation  to  sulfonic 
groups  and  possibly  random  disruptions  to  lamellar  morphology. 
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Figure  9.  Effect  of  Mg12  loading  on  water  and  DMMP  vapor  transport. 


Selectivity  is  a  useful  guide  for  comparing  effectiveness  of  materials  for  selective  transport  of 
different  entities.  It  does  not  account  for  the  absolute  flux  values  for  each  of  the  permeants,  but 
it  does  provides  a  numerical  value  comparing  relative  permeabilities  of  different  molecules 
through  the  membrane.  It  is  calculated  by  taking  ratio  of  effective  permeability  (Peff)  of  water 
and  effective  permeability  of  DMMP.  Effective  permeability  is  defined  as: 


„  L  *  VTR 

Peff  = -  , 

S*(Pl-P2) 


(3) 
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where  S  is  the  saturation  vapor  pressure  at  the  test  temperature  (mmHg),  Pi  is  the  partial  pressure 
or  relative  humidity  on  the  challenge  side,  P2  is  partial  pressure  on  the  exit  side,  and  L  is  the  sample 
thickness  (m).  Numerical  values  calculated  for  all  the  samples  can  be  found  in  appendix  A. 

The  selectivity  as  a  function  of  Mg  ion  loading  is  shown  in  figure  10.  In  general,  the 
selectivity  does  not  change  all  that  much  for  the  0%-8%  portion  of  the  curve.  However,  a 
significant  increase  in  the  selectivity  is  observed  in  the  1 8%— 1 00%  region  of  the  curve.  It  is 
interesting  that  this  portion  of  the  curve  behaves  in  this  fashion  in  that  it  appears  to  be  similar  to 
the  observations  in  the  FTIR  spectra  in  figure  6.  Our  previous  results  in  the  FTIR  section 
concluded  that  a  complex  is  formed  when  the  Mg+2  level  reaches  32%  exchange  level.  It  begins 
to  become  apparent  that  the  transport  behavior  is  demonstrating  the  same  behavior,  where  the 
percolation  is  also  around  32%  neutralized. 


Mg+2  exchange  level 


Figure  10.  Water-DMMP  selectivity  of  Mg+2  exchanged  SIBS. 


A  different  way  to  view  this  trend  is  to  plot  the  VTR  for  both  DMMP  and  water  against  each 
other.  Figure  1 1  show  that  this  change  occurs  around  the  18%  exchange  level.  Until  that  level, 
incorporation  of  Mg  cations  into  sulfonated  SIBS  membrane  effects  primarily  water  transport 
and  have  very  limited  effect  on  the  DMMP  VTR.  At  level  of  exchange  1 8%  and  above, 
resistance  to  DMMP  begins  to  improve  dramatically.  This  figure  also  provides  us  with 
information  on  another  interesting  property  of  partially  exchanged  membranes.  Since  different 

_i_2 

Mg  loadings  affect  the  absolute  penneation  rate  of  the  vapors  over  a  very  wide  range,  it  would 
be  possible  to  design  a  membrane  that  will  transport  vapors  of  interest  at  a  specific  and 
controlled  rate  by  selecting  appropriate  levels  of  the  cation. 
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Figure  11.  Correlation  between  water  and  DMMP  vapor  transport  rates. 


4.5  TGA 

Ionically  exchanged  SIBS  and  similar  materials  have  been  evaluated  via  thermograviametric 
analysis  (TGA)  in  the  past  (15, 16).  It  was  shown  that  the  incorporation  of  cations  significantly 
improves  the  thermal  stability  of  sulfonic  groups  by  shifting  their  initial  decomposition 
temperatures  from  200  to  300  °C  to  about  550  °C.  Thus,  the  overall  stability  of  polymer  is 
increased  from  200  to  300  °C  (where  sulfonic  acid  groups  thermally  decompose)  to  -400  °C,  at 
which  point  isobutylene  and  polystyrene  backbone  decomposes. 

+2 

Varying  Mg  ~  ion  content  also  has  some  interesting  effects  on  thermal  properties  of  these 
samples  (complete  numerical  results  obtained  from  all  TGA  experiments  can  be  found  in 
appendix  B)  that  were  observed  during  evaluation  of  derivative  of  weight  loss  curves  (DTGA). 
Observing  the  position  of  the  onset  of  the  SO3  degradation  peak  ( 17)  at  200-300  °C,  it  is  plainly 

_i_2 

visible  how  the  peak  onset  is  changing  with  increasing  Mg  ~  ion  content  (see  figure  12a). 
Plotting  the  degradation  onset  temperature  vs.  level  of  magnesium  exchange  (shown  in  figure  12b) 
makes  these  observations  even  more  compelling.  Again,  like  in  the  experiments  involving  vapor 
penneation,  this  polymer  behavior  changes  significantly  at  18%  ion  exchange  level.  Thermal 
stability  of  sulfonate/Mg  complexes  decreases  by  as  much  as  24  °C  as  compared  to  acid  form 
of  the  polymer,  and  not  until  18%  exchange  level  is  obtained  do  we  show  improvement  in 
thermal  stability.  At  which  point  the  peak  onset  temperature  begins  to  increase  linearly  with  the 
ion  exchange  levels. 
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DTGA 


(a) 


(b) 


Figure  12.  Visual  representation  of  shift  in  SO3  decomposition  temperature,  (a)  as  an 

overlay  of  DTGA  curves  and  (b)  as  a  plot  of  the  onset  temperature  vs.  %  Mg  " 
exchange  levels. 


13 


Another  feature  obtained  from  the  TGA  experiments  that  can  be  evaluated  is  decomposition  of 
what  is  believed  to  be  Mg-SCfi  complex  observed  in  the  550-600  °C  region  of  the  DTGA  curves 
(figure  13a).  An  increased  weight  loss  in  this  region  can  be  attributed  to  the  increasing  amounts 
of  ioncally  crosslinked  sulfonic  groups  (16).  The  area  under  the  DTGA  decomposition  peaks 
was  nonnalized  to  initial  sample  weight  and  plotted  vs.  magnesium  exchange  levels  (figure  13b), 
which  resulted  in  a  poor  correlation.  The  issue  is  complicated  by  presence  of  multiple  peaks, 
present  in  some  and  absent  in  other  formulations.  It  is  possible  that  this  is  caused  by  existence  of 
different  types  of  Mg-SCfi  complexes  but  it  needs  to  be  investigated  further.  Interestingly,  for 
samples  below  18%  of  ion  exchange  we  still  observe  the  same  counterintuitive  behavior  that  was 
seen  in  evaluation  of  the  200  °C  weight  loss  onset.  If  nothing  else,  this  data  can  be  used  as  an 
indicator  that  those  strange  temperature  shifts  are  indeed  real,  and  not  a  random  instrumental 
scatter. 


5.  Conclusions 


In  this  study,  the  vapor  transmission  rate  and  effective  penneability  of  water  and  DMMP  (a 
stimulant  for  the  nerve  agent  Sarin)  were  measured  for  a  series  of  ionic  polymer  membranes  that 
have  been  partially  neutralized  with  Mg  counterions.  In  addition,  the  FTIR  spectra  and  TGA 
were  performed  to  detennine  both  the  structure  of  the  ionic  polymer  as  well  as  the  overall 
thennal  stability.  It  was  determined  that  partial  exchange  of  acidic  hydrogen  in  sulfonated  SIBS 

with  magnesium  ions  showed  a  significant  increase  in  the  overall  selectivity  of  the  membrane  but 

+2 

only  when  the  Mg  levels  reached  concentration  levels  above  18%.  Selectivity  continues  to 
improve  until  maximum  level  of  cation  exchange  is  reached. 

+2 

The  FTIR  results  demonstrated  convincingly  that  a  complex  fonns  between  the  Mg  ~  counterion 
and  the  sulfonic  acid  groups  of  the  membrane.  This  resulted  in  a  membrane  that  exhibited  a 
considerable  amount  of  structural  ordering  when  compared  to  the  membranes  measured  without 

_i_2 

the  counterions.  The  complex  and  subsequent  ordering  was  only  observed  when  Mg 
concentrations  reached  50%  or  greater. 

_i_2 

The  TGA  results  showed  that  changing  level  of  the  Mg  “  counterion  crosslinking  greatly  affects 
the  onset  of  thennal  stability  of  the  membranes.  Slightly  decreasing  decomposition  temperature 
at  low  levels  of  exchange  (under  18%),  and  substantially  increasing  it  at  higher  levels  of 
exchange. 
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Figure  13.  Increase  in  area  under  S03-Mg  complex  decomposition  curves,  (a)  as  an 
overlay  of  DTGA  curves  and  (b)  as  a  plot  of  the  area  vs.  %  Mg 12  exchange 
levels. 
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Table  A- 1.  Water  sorption  data. 


Sample 

Theoretical 
%  Exchange 

Actual 
%  Exchange 

Average 
Weight  Dry 
(mg) 

Average 
Weight  Wet 
(mg) 

%  h2o 

Uptake 

Mg-SIBS-Max 

Max 

100 

19.5 

42.6 

118.5 

Mg-SIBS-100 

100 

62 

16 

40.9 

155.4 

Mg-SIBS-75 

75 

50 

17.2 

64.5 

275.0 

Mg-SIBS-50 

50 

32 

9.9 

41.1 

315.2 

Mg-SIBS-25 

25 

18 

9.7 

43.7 

350.2 

Mg-SIBS-7 

7.6 

8 

22.2 

107.5 

384.4 

Mg-SIBS-4 

3.8 

2.4 

15.1 

75.8 

401.8 

Mg-SIBS-2 

1.9 

1.2 

25.8 

128.9 

399.5 

Mg-SIBS-1 

0.76 

0.5 

10.3 

52.2 

406.3 

Mg-SIBS-0.4 

0.4 

0.3 

16.5 

78.0 

372.9 

Mg-SIBS-0 

0 

0 

13.1 

66.8 

409.9 

Table  A-2.  Vapor  transport  data. 


Sample 

Water  VTR 

g/m2  Day 

Water 

Effective  Perm. 
(g/mmHg  m  Day) 

DMMP  VTR 

g/m2  Day 

DMMP 

Effective  Perm. 
(g/mmHg  m  Day) 

Selectivity 

AVG 

STDEV 

AVG 

STDEV 

AVG 

STDEV 

AVG 

STDEV 

Mg-SIBS-Max 

2554 

83 

0.0072 

0.0009 

88 

9 

0.0014 

0.0001 

5.2 

Mg-SIBS-100 

3236 

328 

0.0088 

0.0013 

130 

21 

0.0020 

0.0004 

4.4 

Mg-SIBS-75 

3879 

221 

0.0084 

0.0010 

167 

8 

0.0020 

0.0003 

4.1 

Mg-SIBS-50 

3922 

80 

0.0118 

0.0060 

192 

21 

0.0033 

0.0011 

3.6 

Mg-SIBS-25 

4307 

188 

0.0106 

0.0011 

234 

17 

0.0029 

0.0001 

3.7 

Mg-SIBS-7 

4890 

220 

0.0111 

0.0005 

273 

5 

0.0035 

0.0002 

3.2 

Mg-SIBS-4 

4559 

343 

0.0136 

0.0024 

282 

15 

0.0047 

0.0011 

2.9 

Mg-SIBS-2 

5270 

376 

0.0107 

0.0008 

300 

26 

0.0034 

0.0004 

3.1 

Mg-SIBS-1 

4850 

110 

0.0117 

0.0001 

294 

15 

0.0041 

0.0002 

2.9 

Mg-SIBS-0.4 

5452 

116 

0.0151 

0.0009 

298 

5 

0.0046 

0.0002 

3.3 

Mg-SIBS-0 

4437 

189 

0.0127 

0.0017 

280 

7 

0.0045 

0.0008 

2.8 

20 


21 


Table  B-l.  TGAdata. 


Sample 

so3 

Degradation  Peak 
(°C) 

Peak  Area 
at  500-600  °C 

Sample 

Weight 

(mg) 

Normalized 

Area 

(Area/Weight) 

Mg-SIBS-Max 

335 

0.7591 

93278 

0.0818 

Mg-SIBS-100 

267 

0.3941 

7.152 

0.0551 

Mg-SIBS-75 

247 

0.4894 

5.702 

0.0858 

Mg-SIBS-50 

245 

0.5241 

7.212 

0.0727 

Mg-SIBS-25 

216 

0.1306 

8.133 

0.0161 

Mg-SIBS-7 

191 

0.0660 

9.322 

0.0071 

Mg-SIBS-4 

180 

0.0344 

7.4625 

0.0046 

Mg-SIBS-2 

180.5 

0.0396 

7.2295 

0.0055 

Mg-SIBS-1 

183.5 

0.0344 

7.7815 

0.0044 

Mg-SIBS-0 

204 

0.0442 

5.037 

0.0088 
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NO.  OF 

COPIES  ORGANIZATION 


1  DEFENSE  TECHNICAL 
(PDF  INFORMATION  CTR 
only)  DTIC  OCA 

8725  JOHN  J  KINGMAN  RD 
STE  0944 

FORT  BELVOIR  VA  22060-6218 

1  US  ARMY  RSRCH  DEV  & 
ENGRG  CMD 
SYSTEMS  OF  SYSTEMS 
INTEGRATION 
AMSRD  SS  T 
6000  6TH  ST  STE  100 
FORT  BELVOIR  VA  22060-5608 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 
IMNE  ALC  IMS 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1197 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRD  ARL  Cl  OK  TL 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1197 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRD  ARL  Cl  OK  T 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1197 


ABERDEEN  PROVING  GROUND 
1  DIR  USARL 

AMSRD  ARL  Cl  OK  TP  (BLDG  4600) 
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NO.  OF 

COPIES  ORGANIZATION 

ABERDEEN  PROVING  GROUND 


17  DIRUSARL 

AMSRD  ARL  WM  M 
S  MCKNIGHT 
AMSRD  ARL  WM  MA 
J  ANDZELM 
D  CRAWFORD 
L  GHIORSE 

E  NAPADENSKY  (10  CPS) 
A  RAWLETT 
J  SLOAN 

M  VANLANDINGHAM 
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